Background Left atrial pressure (LAP) is often believed to play a dominant role in the determination of left ventricular (LV) early diastolic filling. In a previous study we found no significant relation between LAP and LV early filling velocity (E) but found instead a relation between E and two determinants of LV myocardial shortening (contractility and afterload). To determine if such disparate results may be related to the data ranges of the independent variables in a given population of animals, we took advantage of the differential hemodynamic effects of two modes of volume expansion: saline and whole blood.
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Background Left atrial pressure (LAP) is often believed to play a dominant role in the determination of left ventricular (LV) early diastolic filling. In a previous study we found no significant relation between LAP and LV early filling velocity (E) but found instead a relation between E and two determinants of LV myocardial shortening (contractility and afterload). To determine if such disparate results may be related to the data ranges of the independent variables in a given population of animals, we took advantage of the differential hemodynamic effects of two modes of volume expansion: saline and whole blood.
Methods and Results Eighteen closed-chest anesthetized dogs were instrumented with micromanometers for measurement of LV, left atrial, and aortic pressures. LV volumes were obtained with use of contrast ventriculography, pressures by micromanometry, and transmitral flow-velocity by Doppler echocardiography. After obtaining baseline measurements, group 1 (n=9) received rapid infusion of 500 to 650 mL of saline over 10 minutes, and group 2 (n=9) received the same volume infusion of whole blood. In terms of two known determinants of E, infusion of saline resulted in a significant increase in LAP at the moment of mitral valve opening (X,) ( 1.5±0.9 to 5.7±1.4 mm Hg; P<.05) and a moderate decrease in the pressure decay rate during isovolumic relaxation (r1/2) (22.9±2.4 to 26.3±3.5 milliseconds; P<.05). When these two factors were entered together into a multiple regression analysis with E as the dependent variable, the overall correlation was found to be significant (R=.722; P<.008), with both independent variables contributing significantly to the relation. When factors related to myocardial shortening (afterload and contractility) were added to this relation, they did not significantly improve the prediction of E. Like saline, whole blood infusion augmented X, (1.6±2.4 to 8.8±3.2 mm Hg; P<.05) and r112 (21. 5±2.6 to 32.0±6.3 milliseconds; P<.05) but also significantly increased LV afterload as measured by aortic diastolic pressure (91 ± 10 to 110±12 mm Hg; P< .05). Multiple regression analysis of X, and r1/2 with E again revealed a significant relation (R=.761; P<.002), with both independent variables contributing significantly to the relation. However, in this case, addition of contractility and afterload to the regression significantly improved the relation (R=.909; P<.001), with all four independent variables now contributing significantly to the prediction of E.
Conclusions Combined with our previous results, this study indicates the degree to which experimental methods can have an impact on the delineation of the determinants of a phenomenon as complex as LV early diastolic filling. Which independent variables emerge as primary determinants can be strongly influenced by the experimenter's choice of experimental design and manipulations. Specifically, experiments using volume infusion to delineate the responses of the cardiovascular system to variations in loading must allow. for the hemodynamic changes that are inherent in the choice of infusate and infusion technique, especially when those interventions may significantly alter blood oxygen-carrying capacity and, in turn, differentially modify factors that affect the magnitude of the early diastolic transmitral pressure gradient. (Circulation. 1994; 90:2041 -2050 
Methods
Eighteen mongrel dogs of either sex weighing 27 to 34 kg (mean, 29±0.6 kg) were sedated with morphine (0.5 mg/kg SC) 30 minutes before induction of general anesthesia with sodium pentothal (12.5 mg/kg IV) and a-chloralose (80 mg/kg IV). Each dog was intubated and ventilated with room air with the use of a Harvard respirator. The left common carotid artery, the right femoral artery, and the right and left femoral veins were isolated, and a valved sheath (Hemaquet 8F; USCI) was placed in each. A bolus injection of heparin sodium (4000 USP U) was administered intravenously. A micromanometer catheter (484A-8F; Millar Instruments) was directed from the right femoral artery to the aortic arch, and a second micromanometer catheter (SPC 771-7F; Millar Instruments) was directed from the left carotid artery into the LV apex with the transducer located as close as possible to the LV apex without inducing ectopy. A third micromanometer was positioned in the left atrium by puncture of the interatrial septum using a Mullins transseptal catheter introducer set (8F; USCI) and a Brockenbrough needle (18 gauge; USCI) as described previously. 8 To record LV pressures referenced solely to atmospheric pressure rather than to an external fluid-filled transducer signal, which is highly dependent on the height of the external transducer relative to the height of the heart, we placed the LV micromanometers in a dry graduated cylinder that was immersed in a water bath warmed between 360 and 38°C, corresponding to the temperature of the animal. Because this position could be most easily standardized in each animal, the LV apical pressure signal was selected as the "standard," and the left atrial high-gain pressure signal was aligned with it during late diastasis (Fig 1) . In the presence of rapid heart rates, alignment of pressures was accomplished during the long diastatic period occurring after premature ventricular contractions that produced a compensatory pause. At the conclusion of the experiment, the position of the zero baseline of the LV apical transducer was confirmed by replacing the micromanometer in the graduated cylinder. In no case did the signal drift > 1.0 mm Hg from the original zero baseline.
A low-gain pressure signal from the aortic micromanometer (100 mm Hg= 10.0 cm) and the two high-gain pressure signals from the LA and LV catheters (20 
Volume Loading
The experiment was carried out on nine pairs of weightmatched dogs. Dogs were randomly assigned to either a saline-infusion group or a blood-infusion group. In a typical experiment, after baseline measurements were obtained in one dog, normal saline warmed to 37°C was rapidly infused, and then measurements were repeated within 5 minutes of the completion of infusion. Five hundred milliliters of saline was infused over 10 minutes in the first four dogs; 650 mL was infused in the last five. The increase in volume infused into the last five pairs of dogs was done because we did not observe the expected effect of saline infusion after 500 mL (ie, increased transmitral flow). We thought that this might be due to not infusing an appropriately large volume. Thus, in the remaining five pairs of animals, we increased the infused volume to 650 mL. The increased volume did not change the trends in the data. To avoid the localized blood dilution that rapid saline infusion at a single site might cause, saline was infused simultaneously at a venous site (left femoral vein) and at an arterial site (descending aorta) via the indwelling aortic micromanometer/angiography catheter. After saline infusion data were obtained, approximately 750 mL of blood was withdrawn from the animal and heparinized; then the dog was then killed by KCl injection. A second dog was then anesthetized and instrumented; baseline data were obtained; and blood infusion was carried out in a manner similar to that described for saline using blood collected from the first dog.
Analysis of Data
All volume, hemodynamic, and Doppler flow velocity measurements were recorded during brief apnea with the animal in the supine position. Pressure and flow velocity measurements from five consecutive beats were averaged for each animal. The following measurements were obtained before and after volume infusion from simultaneously recorded LV, left atrial, and aortic micromanometer signals (Fig 1) : peak and end-diastolic aortic pressure, first crossover point of atrial and ventricular pressures (X,), the maximum forward (LAP>LV pressure) early transmitral pressure gradient measured between the left atrial and LV transducers,9 minimum LV apical pressure during early diastole, and LV end-diastolic pressure. A waveform analysis program was used to determine peak positive (+dP/dt) and negative (-dP/dt) rates of LV pressure change from analog LV pressure data recorded on an FM tape recorder system (Model 3968A; Hewlett-Packard) and subsequently transferred off-line into a computer (5600M computer system, Hewlett-Packard) and then digitized at a rate of 800 Hz. LV isovolumic relaxation was assessed using pressure decay points digitized every 2.5 milliseconds starting at peak -dP/dt (t=0) for 40 milliseconds.'0 For each relaxation index calculation, 17 pressure decay points were fitted to a model of exponential decay with variable asymptote: P(t)=Ae-BM+C where P is pressure at time t and e is the base of the natural logarithm. With a least-squares method, the constants A, B, and C were determined. Based on the solved equation, the time for the calculated pressure at t=0 (A+C) to decrease by half (,112) was computed.'1 Peak transmitral flow velocities of early and late LV filling and the atrial filling fraction (AFF) were obtained from the Doppler time-velocity profile (Fig 2) . AFF was defined as the area under the Doppler A wave divided by the total area beneath both the early diastolic and atrial filling waves. LV end-systolic and end-diastolic volumes were calculated from LV contrast ventriculograms using standard techniques.12 Ventriculographic volumes were calibrated using the known distance between radiopaque markers located on a catheter positioned in the LV as the absolute reference to calculate the magnification factor. Cardiac output was determined by multiplying heart rate by LV stroke volume determined by ventriculography. Total Differences provoked by saline or blood loading reported in whether it contributes significantly to the multiple regression Tables 1 and 2 were tested for significance with the paired t after controlling for the effects of the other independent test. A significant difference was defined as P<.05. Bivariate variables, the t ratio was used.13 All data are reported as and multiple regression linear correlation coefficients were mean+SD. Univariate and multiple regression analyses were calculated using the STATWORKS statistics package (Cricket performed on the combined baseline and postinfusion data Software). A value of P< .05 was considered significant. To test points of each individual group, providing a value of n= 18 for whether the partial regression coefficient calculated for a given each regression. No direct statistical comparison is made independent variable is significantly different from 0 and between the two groups. 
Results
Although no statistically significant differences exist between group 1 and group 2 dogs at baseline for any of the variables listed in Table 1 , on close inspection there appears to be some trends in the data that should be considered. Most notably, the saline-infusion group appears to have a slightly increased arterial pressure at baseline compared with the blood-infusion group. However, arterial pressures reported for both groups are well within the normal ranges reported for anesthetized mongrel dogs.14 This small variation in arterial blood pressure is most probably indicative of the normal variability in mongrel canine reactions to the anesthetic regimen used in our study. We have, in fact, previously commented on the wide variability in blood pressure associated with morphine-chloralose anesthesia.2 Thus, this small pressure difference is most certainly related to anesthesia and does not reflect some uncontrolled pathology in one or the other group of dogs. That the two groups are equal is reinforced by the observation that nearly identical values are obtained for ventricular volumes and ejection for the two groups, as well as the fact that visual assessment of the angiographic silhouettes indicates normal wall thickness in all animals. Beyond this, the trend toward increased arterial pressure at baseline in the saline-infusion group should be expected to result in predictable trends in several other variables in this group relative to the blood-infusion group baseline values. Specifically, a nonsignificant trend toward increased arterial pressure should be expected to produce trends of increased end-systolic volume and r112, both of which would be expected to produce a trend toward a decrease in E in salineinfusion group baseline values relative to the baseline values of E in the blood-infusion group. That these predicted relations are borne out by the data also suggests that these other nonsignificant trends noted in baseline values between the two groups can be reasonably attributed to the small difference in arterial pressure between the two groups-a difference that should in no way affect the validity of the results of the study.
Saline Infusion
Of the 18 measured variables, saline infusion produced significant alterations in 12 (Table 1) . After saline infusion, heart rate increased, as did the peak rate of late diastolic filling velocity, end-systolic and end-diastolic LV volumes, cardiac output, stroke volume, LAP at the moment of mitral valve opening, LV end-diastolic pressure, and LV minimum diastolic pressure. After saline infusion, significant decreases were noted in the rate of LV isovolumic pressure decay, LV contractility, and hematocrit. Based on the formula that total blood volume in the dog is equal to approximately 90 ml/kg,15 the estimated hematocrit that would be predicted to accompany the volumes of saline infused in this study was calculated to be 33% compared with the measured 34%. Thus 
Afterload and Contractility as Determinants of LV Minimum Pressure
Factors that act as determinants of end-systolic volume affect early diastolic filling via their influence on elastic recoil, which is a determinant of LV minimum pressure. 16 To verify the importance of this relation in the blood-infusion group, we used multiple regression analysis and assigned LVm,n as the dependent variable and AOdias and +dP/dt as independent variables. Because the absolute minimum pressure produced by the recoiling ventricle will be strongly influenced by the pressure in the chamber from which it is drawing blood (left atrium), X, was also included as an independent variable in the regression formula. As shown in Table 4 , although X, is strongly related to LVm,in (r=.969; P<.001), in the blood-infusion group, both AOdias and +dP/dt added significantly to the prediction of LVmin. In contrast, when the same analysis was carried out in the saline-infusion group (Table 5) , afterload and contractility did not add significantly to the prediction of LVmin.
These results are consistent with the interpretation that the lack of a significant relation between E and afterload and contractility in the saline-infusion group stems from the lack of an influence within this group of afterload and contractility on one of the major determinants of the transmitral pressure gradient, LVmin. 
Peak Early Diastolic Filling Rate and the Transmitral Pressure Gradient
As shown in Table 1 , although peak transmitral flow velocity (E) was significantly decreased after infusion with blood, there was no significant change in the peak early diastolic transmitral pressure difference, which is believed to be directly related to the early diastolic filling rate.1 Given the complexities of accurately measuring the transmitral pressure difference because of factors such as intraventricular and intra-atrial pressure gradients, differences related to the timing of the measurements,17 additional regional pressure differences that most certainly occur in response to the significant cardiac geometric changes that accompany volume loading, and factors such as the error involved in precisely aligning atrioventricular pressures during diastasis (if the blood in the two chambers ever truly comes to rest), our inability to detect pressure difference changes across the mitral valve that parallel such minor changes in flow velocity might have been anticipated. Thus, this result is almost certainly related to the technical difficulties involved in making this measurement and should not be considered evidence against the existence of this relation. A simple linear regression plot of E versus the maximum early diastolic transmitral pressure gradient for the combined data sets again validates this important fundamental relation (r=.630; P<.001) (Fig 3) .
Discussion Saline Infusion
Our results indicate that the hemodynamic effects of volume loading with saline differ from the effects produced by volume loading with whole blood. Rapid infusion of saline results in a state of moderate anemia, which leads to several (presumably compensatory) systemic changes. In terms of impacting on early diastolic Puced by saline infusion was a significant increase in significantly reducing total systemic resistance. 21 In our P at the moment of mitral valve opening. In our study, the significant increase in cardiac output in the ly, saline infusion also produced a small but signifisaline-infusion group coupled with unchanged arterial decrease in contractility as measured by peak pressure resulted in a calculated change in total syss/dt and a small but significant increase in LV temic resistance of -22%. This large decrease in resis--systolic volume. The increase in LV end-systolic tance would have mediated the observed increase in Lme was most probably produced by the decrease in cardiac output while acting to cancel any increase in tractility, and possibly by the increase in LV end-diarterial pressure that might be expected to accompany a ilic volume, which may affect the determination of large, rapid volume infusion. The increased heart rate end-systolic volume in the intact heart.2 In turn, after saline infusion is most likely related to the interause isovolumic relaxation is influenced by contracplay between aortic and atrial baroreceptors.22 y and possibly by end-systolic volume,18-20 the alterIn comparison, whole blood infusion would not be ns in these two factors most likely produced the expected to alter hemoglobin concentration and should lerate decrease in the rate of isovolumic pressure result in an increase in arterial and venous pressures ay. Thus, the primary alterations with respect to simply as a result of the increased fluid volumes in the y diastolic filling produced by saline infusion were arterial and venous systems. Because oxygen delivery to fined largely to the factors X1 and 71/2. As might be the tissues is not altered, cardiac output should not be xcted, multivariate regression analysis subsequently affected. Our results are consistent with this prediction aled that in combination, each of these two factors and are consistent with statements such as that by ificantly contributes to the prediction of LV early Rushmer, who wrote that "Central venous pressure may tolic peak filling velocity (R=.722). This result be raised to very high levels by infusions of whole blood pares favorably with that reported by Ishida et al for without an increase in cardiac output."23 Whether heart same variables (R=.797).
rate is increased or decreased after blood infusion n the other hand, saline infusion had relatively little would most likely depend on the relative pressure ct on variables related to systolic shortening (ie, changes in the arterial and venous systems and their 11 decrease in contractility and no change in afterimpact on aortic and atrial baroreceptors. Of the nine 1). Thus, in this population of animals, contrary to animals, only two showed an increase in heart rate after previous result,2 multiple regression analysis indiblood infusion (Fig 4) . These two animals also exhibited d that these factors did not contribute significantly the highest LAPs after blood infusion as assessed by X1
he prediction of E.
(both >13.0 mm Hg).
Blood Infusion
In comparison to saline, infusion of whole blood not only produced moderate-to-large alterations in X, and In the group exhibiting tachycardia, mean aortic pressure remained unchanged; in the group exhibiting bradycardia, mean aortic pressure increased significantly. These discrepant findings were attributed to the interplay between the baroreceptor reflex and the drive to tachycardia from atrial receptors. Yamamoto et a124 increased LV enddiastolic pressure an average of 8 mm Hg with saline infusion in dogs and observed no significant change in LV systolic pressure (117 to 127 mm Hg). Likewise, Karliner et a127 reported no significant change in LV systolic pressure (128 to 136 mm Hg) after infusion of 300 to 600 mL of saline in conscious dogs. Hansen et a125 infused 2 L of saline over 5 to 10 minutes in seven human cardiac allograft recipients and reported no significant change in systolic pressure. Vatner and Boettcher28 rapidly infused large volumes of saline into conscious dogs and found that mean arterial pressure increased by 54%. Thus, although a difference between our study and that of Ishida et al exists in terms of the effect of saline infusion on systolic blood pressure, both studies appear to be consistent with the general finding in the literature that intravascular volume expansion with saline can be accompanied by relatively minor changes in systolic blood pressure.
The most obvious difference between the study of Ishida et al and our study that could account for differences in changes in contractility and systolic blood pressure is that the study of Ishida et al was performed using conscious, lightly sedated dogs, whereas we used fully anesthetized animals. The observed differences in changes in contractility and blood pressure between the two studies may result from an effect of the anesthetic regimen used in our study and/or possibly from factors related to the prolonged restraint of a conscious animal for the duration of an experimental protocol (ie, catecholamine release) in the study of Ishida et al. Morphine-chloralose has been shown in a number of studies to produce a hemodynamic profile that closely resembles that of conscious animals and does not significantly influence neural reflex mechanisms.29-31 However, some evidence in chronically instrumented lambs indicates that chloralose may significantly increase basal levels of heart rate, arterial pressure, vascular resistance, pulmonary arterial pressure, and resistance, as well as alter reactions to interventions such as alveolar hypoxia and a-receptor stimulation.3233 Although it might appear ideal to undertake volume loading studies in conscious animals, this approach also has its limitations; Vatner and Boettcher28 noted that when LAP rose by more than 15 mm Hg, some dogs became "restless and excited." The data from these animals were not included in their analysis.
The most striking dissimilarity between the two studies relates to changes in LAP at the moment of mitral valve opening, changes in the peak early diastolic transmitral pressure gradient, and changes in the peak rate of early diastolic filling following rapid infusion of saline. Again, the reasons for these differences are not readily apparent. One possible explanation may be related to the observation by Keren et a134 that under some conditions, the mitral flow probe, which was placed above the mitral orifice, created a mild mitral stenosis. The possibility that the experimental technique used by Ishida et al resulted in some degree of stenosis appears to be supported by the differential changes in mitral valve opening pressure and LV enddiastolic pressure reported by Ishida et Fig 3) clearly suggests that as the heart is paced from 70 to 145 beats per minute, X, and LV end-diastolic pressure tend to uncouple, with X1 exceeding LV end-diastolic pressure, and at heart rates of 125 to 135 beats per minute, atrial contraction is clearly seen to encroach on the early diastolic filling phase, which should also contribute to the increase in left atrial pressure at the time of mitral opening, and consequently to the increase in the rate of early diastolic filling. However, Yamamoto et al,24 using anesthetized dogs with controlled heart rate (93 beats per minute), found that saline infusion significantly increased both the early diastolic pressure gradient (5 to 7 mm Hg) and the peak rate of early diastolic filling (+22%).
Another difference between the two studies relates to possible changes in the mitral valve orifice area in our study with changes in ventricular volume. Although evidence exists that mitral valve regurgitant area is related linearly to ventricular volume during the mid 70% of LV ejection,36 we are not aware of any studies indicating that mitral orifice area is significantly altered by alterations in LV dimensions caused by changes in loading conditions, which in turn produce a modification of the early diastolic transmitral flow-velocity profile. There is little reason to suspect that the average increase in end-systolic volume of 8 mL noted after volume infusion with blood should increase the size of the mitral anulus, which is itself a relatively unyielding structure.
Finally, Guyton2l observed that significant differences in the hemodynamic response of the cardiovascular system to volume loading can exist depending on whether measurements are obtained acutely or at a time more remote from volume infusion. Thus, the timing of the measurements may also contribute to the apparent differences between studies. In our study, all measurements were made within 5 minutes of the completion of volume infusion.
In any case, although saline infusion in our study and the study by Ishida et al produced disparate effects on some variables, which may be related to such factors as instrumentation artifacts, basal conditions encountered, anesthesic effects, and the timing of measurements, these possible differences do not appear to have altered the normal pressure-flow relation or influenced the general conclusion that both X1 and r1/2 are important determinants of LV early diastolic filling.
Implications and Conclusions
Volume loading interventions have long been an important technique for the elucidation of certain cause-and-effect relations that control cardiovascular function. In the present study, we used the significant hemodynamic differences provoked by rapid infusion of two different infusates to demonstrate the multidetermined nature of LV rapid filling. Although the classic study by Ishida et al demonstrated the importance of LAP and LV relaxation rate as determinants of early LV filling, a recent study from our laboratory found no significant relation between these two factors and early LV filling. Instead, we found E to be related to factors that determine systolic shortening and end-systolic volume. The present study appears to resolve the discrepancy between the two studies. Combined with our previous results, this study indicates the degree to which experimental methodology can have an impact on the delineation of the determinants of a phenomenon as complex as LV early diastolic filling. Which independent variables emerge as primary determinants can be strongly influenced by the experimenter's choice of experimental design and manipulations. Specifically, experiments using volume infusion to delineate the responses of the cardiovascular system to variations in loading must allow for the hemodynamic changes that are inherent in the choice of infusate and infusion technique, especially when, as in the case of studies of LV diastolic function, those interventions may significantly alter blood oxygen-carrying capacity and, in turn, differentially modify factors that affect the magnitude of the early diastolic transmitral pressure gradient.
